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NOTICE

The policies and procedures set forth in this document are intended solely to describe
EPA methods and guidance for developing or revising ambient water quality criteriato protect
human health, pursuant to Section 304(a) of the Clean Water Act, and to serve as guidance to
States and authorized Tribes for developing their own water quality criteria. This guidance does
not substitute for the Clean Water Act or EPA’ sregulations, nor isit aregulation itself. Thus, it
does not impose legally binding requirements on EPA, States, Tribes, or the regulated
community, and may not apply to a particular situation depending on the circumstances.

This document has been reviewed in accordance with U.S. EPA policy and approved for
publication. Mention of trade names or commercia products does not constitute an endorsement
or recommendation for use.



FOREWORD

In 2000, the U.S. Environmental Protection Agency (EPA) published the Methodology
Jor Deriving Ambient Water Quality Criteria for the Protection of Human Health (2000) (“2000°
Human Health Methodology™), updating and revising the existing 1980 Guidelines and
Methodology. The 2000 Human Health Methodology includes guidance on chemical risk
assessment, exposure, and bioaccumulation. The process EPA followed in developing the 2000
Humian Health Methodology included gathering information from multiple stakeholders,
convening a national issues workshop, securing EPA Science Advisory Board review and public
review and comment period on the drafi Human Health Methodology. A more detailed
chronology can be found in the Federal Register (65FR66444).

As part of the 2000 Human Health Methodology, EPA developed detailed procedures and
guidelines for estimating bioaccumulation factor (BAF) values for use in deriving or revising
ambient water quality criteria. This Technical Support Document Volume 2: Development of
National Bioaccumulation Factors discusses the technical basis for developing national BAFs,
the underlying assumptions and uncertainties inherent to the approach, and applying the
bioaccumulation component of the 2000 Human Health Methodology. The scientific
approaches, assumptions and science policy decisions included in this document have been peer-
reviewed as part of the comprehensive review of the 2000 Human Health Methodology. Detailed
information about this peer rev1ew process can be found on EPA’s web51te |
(www.epa.gov/waterscience).

EPA will use this technical support document to develop new ambient water quality
criteria and to revise existing recommended water quality criteria. This technical support
document will not be used alone to derive bicaccumulation factors, but rather in conjunction with
the carlier Methodology for Deriving Ambient Water Quality Criteria for the Protection of
Human Health (2000).

Geoltrey H. rubbs‘

[ & (; .,w/{f |
Director |

Office of Sbience and Technology
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1. INTRODUCTION

In 2000, the U.S. Environmental Protection Agency (EPA) published the M ethodology
for Deriving Ambient Water Quality Criteriafor the Protection of Human Health (USEPA,
2000a). That document (referred to here as the 2000 Human Health Methodology) presents
technical guidance and the steps that EPA will follow for deriving new and revised national
recommended ambient water quality criteria (AWQCSs) for the protection of human health under
Section 304(a) of the Clean Water Act. The 2000 Human Health Methodol ogy includes guidance
on chemical risk assessment, exposure, and bioaccumulation. To supplement the 2000 Human
Health Methodology, EPA is developing series of Technical Support Documents (TSD) on Risk
Assessment, Exposure Assessment, and Bioaccumulation. The first volume, (Volume 1: Risk
Assessment; EPA-822-B-00-005), was published with the 2000 Methodology in October 2000.
Thisvolume (Volume 2) of the Technical Support Document (TSD) focuses on the technical
components of the 2000 Human Health Methodology that pertain to the assessment of chemical
bioaccumulation.

The 2000 Human Health M ethodology incorporates a number of scientific advancements
made over the past two decades. One of these advancementsis in the assessment of chemical
exposure to humans through the aquatic food web pathway. For certain chemicals, exposure via
the aguatic food web is more important than exposure from ingestion of water. Such chemicals
tend to be highly hydrophobic, to partition in aguatic environments to surficial sediments, and to
accumulate in high concentrations in fish and shellfish through the process of bioaccumulation.
One method for incorporating chemical exposure to humans through the aquatic food web
involves estimating the amount of a chemical expected to bioaccumulate in fish and shellfish that
are commonly consumed by populationsin the United States. Previously, EPA primarily used
bioconcentration factors (BCFs) to estimate chemical accumulation of waterborne chemicals by
aguatic organisms. The BCF reflects contaminant exposure and accumulation by fish and
shellfish only through the water column. Over the past two decades, however, science has shown
that al the routes (e.g., food, sediment, and water) by which fish and shellfish are exposed to
highly bioaccumulative chemicals may be important in determining the chemical accumulationin
the organism’ s body, and that these chemicals can be transferred to humans when they consume
contaminated fish and shellfish. The EPA’ s approach to estimating uptake into fish and shellfish
now emphasizes the use of a bioaccumulation factors (BAFs), which account for chemical
accumulation from all potential exposure routes.

The generalized ambient water quality criterion (AWQC) formulafor noncancer effectsis
shown below (Equation 1-1) as an example of how the BAFs are used in the calculation of a
recommended national AWQC for the protection of human health (USEPA, 2000a). In Equation
1-1, trophic-level specific BAFs are used in the denominator, aong with information on the
amount of fish consumed on adaily basis (FI) for each trophic level (i), to estimate human
exposure to contaminants through the aquatic food web.



BW
4
DI + X (FL, - BAF)

2

AWQC = RfD - RSC -

(Equation 1-1)

where:
RfD = reference dose for noncancer effects (mg/kg/day)
RSC = relative source contribution to account for nonwater sources of exposure

BW = human body weight (kg)

DI =drinking water intake (L/day)

Fl =fish intake (kg/day) at trophiclevel i (i =2, 3, 4)

BAF,; = bioaccumulation factor (L/kg) at trophic level i (i =2, 3, 4)

1.1 PURPOSE

ThisTSD volume:

. Presents the technical basis for the EPA’ s approach to developing national BAFs
for the different trophic levels of fish and shellfish commonly consumed by
humans,

. Discusses the underlying assumptions and uncertainties inherent in the approach,
and

. Provides further detail on applying the BAF component of the 2000 Human
Health Methodol ogy.

Asindicated in Equation 1-1 of Section 1, the national, trophic level—specific BAFsfor a
given contaminant are used by the EPA in the derivation of AWQC for the protection of human
health. A subsequent volume (Volume 3: Development of Site-Specific Bioaccumulation Factors)
provides guidance to States and authorized Tribes for devel oping site-specific BAFsfor the
various trophic levels when BAFs that are more representative of local conditions are preferred.
Neither of the bioaccumulation TSDs should be used alone to derive BAFs, but rather in
conjunction with the 2000 Human Health Methodology. The intended audience for both of these
documents includes the EPA scientists who are responsible for deriving water quality criteria,
State and Tribal risk assessors and stakeholders interested in the technical basis of EPA’s national
BAF methodology, and other users interested in bioaccumulation issues for other applications.

1.2 SCOPE
The goal of EPA’s approach for developing national BAFsisto represent the long-term

average bioaccumulation potential of a pollutant in aguatic organisms that are commonly
consumed by humans throughout the United States. National BAFs are not intended to reflect
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fluctuations in bioaccumulation over short periods (e.g., afew days) because human health
AWQCs are generally designed to protect humans from long-term exposures (over alifetime) to
waterborne chemicals.

National BAFs are also intended to account for some major chemical, biological, and
ecological attributes that can affect bioaccumulation in bodies of water across the United States.
For thisreason, EPA’ s approach includes separate procedures for deriving national BAFs
according to the type of chemical (e.g., nonionic organic, ionic organic, inorganic, and
organometallic). For the purposes of the 2000 Human Health M ethodology, nonionic organic
chemicals are defined as organic compounds that do not ionize substantially in natural bodies of
water. These chemicals are also referred to as “neutral” or “nonpolar” organicsin the scientific
literature. lonic organic chemicals are considered to include those chemicals that contain
functional groups with exchangeable protons, such as hydroxyl, carboxylic, and sulfonic and
nitrogen (pyridine) groups. lonic organic chemicals undergo ionization in water, the extent of
which depends on the pH and the pKa of the water. lonic chemicals are considered separately
when deriving national BAFs because the behavior of the anionic or cationic species of these
chemicals in aquatic systemsis much different from those of their neutral (un-ionized)
counterparts. Inorganic and organometallic chemicals include inorganic minerals, other inorganic
compounds and elements, metal's, metalloids, and organometallic compounds. This TSD
document focuses primarily on the procedures for determining BAFs for nonionic organic
chemicals that bioaccumulate. The procedures for estimating bioaccumulation of nonionic
organic chemicals are generally better devel oped than those for ionic chemicals. Therefore, both
the conditions under which these procedures can be applied and the limitations associated with
thelir application warrant further explanation.

In addition, EPA’ s national BAFs are derived separately for each trophic level to account
for potential biomagnification of some chemicalsin aquatic food webs and broad physiological
differences among organisms that may influence bioaccumulation. As discussed in Chapter 3,
lipid contents of agquatic organisms and the amounts of organic carbon in ambient waters affect
bioaccumulation of nonionic organic chemicalsin aquatic food webs. National trophic-level
specific BAFsincorporate adjustments for the lipid content of commonly consumed fish and
shellfish and for the freely dissolved fraction of the chemical in ambient water by using
nationwide averages for these two parameters. Further discussion of these parametersis provided
in Section 4.

1.3 IMPORTANT BIOACCUMULATION AND BIOCONCENTRATION CONCEPTS

Several attributes of the bioaccumulation process are important to understanding the
approach used to develop national BAFs used in setting national recommended AWQCs for the
protection of human health. First, the term bioaccumulation refers to the uptake and retention of
achemical by an aquatic organism from all surrounding media (e.g., water, food, sediment). The
term bioconcentration refersto the uptake and retention of achemical by an aquatic organism
from water only. For some chemicals (particularly those that are highly persistent and
hydrophobic), the magnitude of bioaccumulation by aguatic organisms can be substantially
greater than the magnitude of bioconcentration. For such chemicals, an assessment of
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bioconcentration alone will underestimate the extent of accumulation in aquatic biota.
Accordingly, EPA’s 2000 Human Health Methodology emphasizes the consideration of chemical
bioaccumulation by aguatic organisms, whereas EPA’ s 1980 M ethodol ogy emphasized the
measurement of bioconcentration.

Another important aspect of the bioaccumulation process is the steady-state condition.
Specifically, bioaccumulation can be viewed simply as the result of competing rates of chemical
uptake and depuration (chemical loss) by an aguatic organism. The rates of chemical uptake and
depuration can be affected by various factors, including the properties of the chemical, the
physiology of the organism in question, water quality and other environmental conditions, the
ecological characteristics of the water body (e.g., food web structure), and the concentration and
loadings history of the chemical. When the rates of chemical uptake and depuration are equal,
tissue concentrations remain constant over time and the distribution of the chemical between the
organism and its source(s) is said to be at steady state. For constant chemical exposures and
other conditions, the steady-state concentration in the organism represents the highest
accumulation potential of the chemical in that organism under those conditions. The time needed
for achemical to achieve steady state in the organism has been shown to vary according to the
properties of the chemical, the variability of environmental conditions, and other factors. For
example, some highly hydrophobic chemicals can require long periods (e.g., many months) to
reach steady state between environmental compartments, whereas highly hydrophilic chemicals
usually reach steady state relatively quickly (e.g., hoursto days).

National recommended AWQCs for the protection of human health are typically
designed to protect humans from harmful lifetime or long-term exposures to waterborne
contaminants. Given this goal, assessing bioaccumulation that equals or approximates steady-
state accumulation is one of the principles underlying the derivation of national BAFs. For
chemicalsthat require relatively long periods to reach steady state in aquatic organisms, changes
in the concentration of the chemical in the water column may occur much more rapidly than
corresponding changes in concentrationsin tissue. Thus, if the system departs substantially from
steady-state conditions and water concentrations are not averaged over a sufficient time period,
the ratio of the chemical concentration in tissue of organismsto that in water (i.e., the BAF) may
have little resemblance to the steady-state ratio and have little predictive value for long-term
bioaccumulation potential. Therefore, BAF measurements should be based on chemical
concentrations in the water column, averaged over a sufficient period for the chemical of interest.
In addition, the BAFs used in deriving national recommended AWQCs for the protection of
human health should be based on adequate spatial averaging of chemical concentrationsin both
tissue of consumed organisms and the water column.

The concept of proper temporal averaging for the determination of BAFsisillustrated in
Figure 1-1 (taken from Burkhard, 2003). Figure 1-1A shows the daily concentrations of a
hypothetical nonionic organic chemical, using asimple dilution model and daily flow data for the
Mississippi River at St. Paul, Minnesota. These daily chemical concentrationsin the river can be
transformed into daily chemical concentrationsin fish by using the kinetic models of Gobas
(1993). Figure 1-1B shows the results of these transformations in piscivorous fish for chemicals
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with log n-octanol-water partition coefficients (K,S) ranging from 2 to 9 for asimple
hypothetical food web. Together, Figures 1-1A and 1-1B show that concentrations of nonionic
organic chemicalsin fish change over time, relative to the concentration of the chemical in the
ambient water, at speeds dependent upon the hydrophobicity of the chemical, i.e., the chemical’s
K- The response is graded in magnitude, and the rate of change decreases with increasing Ko,
For chemicalswith low K,,s(e.g., log K,,sof 2 and 3), the speed of change is very fast, such that
concentrations of the chemical in fish mimic the trends of the chemical concentration in ambient
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Figure 1-1 (A). Daily concentrations of a hypothetical nonionic organic chemical over timein the water column,
predicted using a simple dilution model and daily flow datafor the Mississippi River at St. Paul, Minnesota.

(B) Daily chemical concentrations in piscivorous fish found using the kinetic food web models of Gobas (1993) with
the daily chemical concentrations in the water column for nonionic organic chemicals with log r-octanol-water

water. For chemicalswith large K,,s (e.g., log K,,s of 6 and 7), concentrations of the chemical in
fish change slowly relative to those in the water, and in general, the concentrationsin fish follow
the long-term trends for the chemical concentration in the water.

Clearly, BAFs based on inappropriate temporal averaging of chemical concentrationsin
the water will have little predictive power; thus, BAFs should be based on concentrationsin the
water column that are averaged over a sufficient period of time that is appropriate for the
chemical of interest. For this reason, aBAF was defined in the 2000 Human Health M ethodology
as representing the ratio (in liters per kilogram) of the concentration of a chemical in the tissue of
an aguatic organism to its concentration in the ambient water in situations where the organism
and itsfood are exposed and the ratio does not change substantially over time (i.e., theratio
reflects bioaccumulation at or near steady state). Similarly, a BCF was defined astheratio (in
liters per kilogram) of the concentration of achemical in the tissue of an aquatic organism to the
chemical’ s concentration in the ambient water, in situations where the organism is exposed
through the water only and the ratio does not change substantially over time.



From the perspective of sampling for determining BAFs, chemicas with large K,,swill
generally require that numerous water samples be averaged over time to establish the long-term
chemical concentrationsin the water. In contrast, for chemicals with low K,,s, because the
concentrations in the fish mimic those in water, the time scale for establishing the chemical
concentrationsin the water shrinks to concurrent sampling of both fish and water; current
chemical concentrations in the water provide a good predictor of the chemical concentrationin
the fish. Burkhard (2003) provides additional details on BAF sampling design and EPA will
provide additional information on field sampling designs for determination of BAFsin TSD
Volume 3: Development of Site-Specific Bioaccumulation Factors.
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2. DEFINITIONS
The following terms and their definitions are used throughout this document.
2.1 BIOACCUMULATION

Bioaccumulation. The net accumulation of a chemical by an aquatic organism as aresult of
uptake from all environmental sources.

Bioaccumulation factor (BAF). Theratio (in liters per kilogram of tissue) of the concentration of
achemical in the tissue of an aguatic organism to its concentration in water, in situations where
both the organism and its food are exposed and the ratio does not change substantially over time.
The BAF iscalculated as:

C
BAF = — (Equation 2-1)
CW
where:
C =  concentration of chemical in tissue
C. = concentration of chemical in water

Because chemical concentrationsin tissue and water can be defined in terms of chemical
partitioning to different biological or chemica phases (e.g., total concentrationsin tissue or water,
concentration in lipid, concentration that is freely dissolved in water), the general equation for
BAF (Equation 2-1) isfurther refined below to delineate among these different phases.

Total bioaccumulation factor (BAF{). A BAF based on the rotal concentration of chemical in
the organism and the water. The total concentration of the chemical in tissue includesthat in
either a specific tissue or awhole organism and is based on wet tissue. The total concentration of
the chemical in water includes chemical associated with particulate organic carbon, chemical
associated with dissolved organic carbon, and chemical freely dissolved in the water. A BAF: is
often referred to as a“field-measured” BAF because it is derived from analysis of tissue and
water samples collected from the field. The BAF is expressed in liters per kilogram of lipid. The
BAF} iscaculated as.

C

BAFTt = C=t (Equation 2-2)
w

where:

total concentration of chemical in tissue
total concentration of chemical in water

HO
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Baseline bioaccumulation factor (Baseline BAF or BAF[%). For nonionic organic chemicals
(and certain ionic organic chemicals to which similar lipid and organic carbon partitioning
behavior appliest), aBAF that is based on the concentration of chemical freely dissolved in water
and the concentration of the chemical in the lipid fraction of tissue. The baseline BAF is
expressed in liters per kilogram of lipid. The baseline BAF is determined using the equation:

BAF, .
Baseline BAF = BAF™ - T _qf. L (Equation 2-3)
fra f
where:
BAF: = Totd BAF
fia = fraction of thetotal concentration of chemical in water that isfreely
dissolved
fa = fraction of tissuethat islipid
Baseline BAF can also be defined as:
Baseline BAF = BAF," - % (Equation 2-4)
where:
BAFY = lipid-normalized and freely dissolved-based bioaccumulation factor (see

definition below)

fa fraction of tissuethat islipid

Note: Appendix A presents the derivation of the baseline BAF and referstoit as
“BAF{%” The subscript “L” signifies concentration of the chemical specifically in
lipid, in contrast to “R,” which refersto lipid normalization in which the
concentration of the chemical in total tissue is divided by the fraction of the tissue
that islipid (f;). The superscript “fd” signifiesthe chemical that isfreely dissolved
in water rather than total chemical in water. Based on an equilibrium partitioning
assumption for the chemical’ s distribution in both the organism and the water,
concentrations based on the “L” and “fd” chemical expressions can be calculated
using measured or predicted values of the fraction of tissue that islipid and
fraction of total chemical that isfreely dissolved in water, respectively (see

A s described in Section 3.2.2 and illustrated by Figure 3-1, baseline BAFs for certain ionic organic
chemicals can be derived using methods devel oped for nonionic organic chemicals, which rely on lipid and organic
carbon partitioning theory. In these cases, similar lipid and organic carbon partitioning behavior should be known or
inferred (i.e., based on negligible ionization) for theionic chemical in question.
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Appendix A). Thisavoids practical limitations associated with the direct analytical
measurement of concentrations of total chemical in lipid and freely dissolved
chemical in water.

Lipid-normalized and freely dissolved-based bioaccumulation factor (BAF:?). Theratio (in
liters per kilogram of lipid) of the lipid-normalized concentration of achemical in tissue of an
organism to the concentration of the chemical freely dissolved in water, in situations where both
the organism and its food are exposed and the ratio does not change substantially over time. The
BAFiscalculated as:

BAFH = i :

w

where:

G
Cvad

lipid-normalized concentration of chemical in tissues
concentration of chemical that isfreely dissolved in water

National trophic-level specific bioaccumulation factor (National BAF, ,). A BAF based on
nationwide average lipid content for trophic level “n” and nationwide average organic carbon in
ambient waters. The national BAF,  is expressed in liters per kilogram wet tissue. The national
BAFq.  iscalculated using the equation:

National BAFy, , = [(Final Baseline BAF), , - (f_ + 1] £ (Equation 2-6)

where:

Final Baseline BAF;.,, = mean baseline BAF for trophic level “n”
farin) fraction of tissue that islipid in aquatic organisms at trophic level “n”
fia = fraction of the total concentration of chemical in water that is freely
dissolved

2.2 BIOCONCENTRATION

Bioconcentration. The net accumulation of achemical by an aguatic organism as aresult of
uptake directly from the ambient water, through gill membranes or other external body surfaces.

Bioconcentration factor (BCF). Theratio (in liters per kilogram of tissue) of the concentration of
achemical in the tissue of an aguatic organism to its concentration in water, in situations where
the organism is exposed through the water only and the ratio does not change substantially over
time. The BCF iscalculated as:



C

BCF = —* (Equation 2-7)
CW
where:
C =  concentration of chemical in tissue
C. = concentration of chemical in water

Because chemical concentrationsin tissue and water can be defined in terms of chemical
partitioning to different biological or chemica phases (e.g., total concentrationsin tissue or water,
concentration in lipid, concentration that is freely dissolved in water), the general equation for
BCF (Equation 2-7) is further refined below to delineate among these different phases.

Total bioconcentration factor (BCF{). A BCF based on the rotal concentration of chemical in
the organism and the water. The total concentration of the chemical in tissue includesthat in
either a specific tissue or awhole organism and is based on wet tissue. The total concentration of
the chemical in water includes chemical associated with particulate organic carbon, chemical
associated with dissolved organic carbon, and chemical freely dissolved chemical in the water. A
BCF is often referred to as a“ laboratory-measured BCF’ because it can be measured only in the
laboratory. The BCF} is expressed in liters per kilogram of lipid. The BCF is calculated as:

C

BCF; = c=t (Equation 2-8)
w

where:

total concentration of chemical in tissue
total concentration of chemical in water

C
Cw

Baseline bioconcentration factor (Baseline BCF or BCF [%). For nonionic organic chemicals
(and certain ionic organic chemicals to which similar lipid and organic carbon partitioning
behavior applies?), aBCF that is based on the concentration of chemical freely dissolved in water
and the concentration of the chemical in thelipid fraction of tissue. The baseline BCF is
expressed in liters per kilogram of lipid. The baseline BCF is determined using the equation:

2Asdescribed in Section 3.2.2 and illustrated by Figure 3-1, baseline BCFs for certain ionic organic
chemicals can be derived using methods devel oped for nonionic organic chemicals, which rely on lipid and organic
carbon partitioning theory. In these cases, similar lipid and organic carbon partitioning behavior should be known or
inferred (i.e., based on negligible ionization) for theionic chemical in question.
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t
BCFr _ 1 % (Equation 2-9)

Baseline BCF = BCF =
fd

Total BCF

fraction of the total concentration of chemical in water that isfreely
dissolved

fraction of tissuethat islipid

—
=
1

Baseline BCF can also be defined as:

. fa_ 1
Baseline BCF = BCF, - ? (Equation 2-10)

where;

BCH¢ lipid-normalized and freely dissolved-based bioconcentration factor (see
definition below)

fa fraction of tissuethat islipid

Note: Appendix A presents the derivation of the baseline BCF and refersto it as
“BCF{%.” The subscript “L" signifies concentration of the chemical specificaly in
lipid, in contrast to “R,” which refersto lipid normalization in which the
concentration of the chemical in total tissue is divided by the fraction of the tissue
that islipid (f ;). The superscript “fd” signifies the chemical that isfreely dissolved
in water rather than total chemical in water. Based on an equilibrium partitioning
assumption for the chemical’ s distribution in both the organism and the water,
concentrations based on the “L” and “fd” chemical expressions can be calculated
using measured or predicted values of the fraction of tissue that islipid and
fraction of total chemical that isfreely dissolved in water, respectively (see
Appendix A). Thisavoids practical limitations associated with the direct analytical
measurement of concentrations of total chemical in lipid and freely dissolved
chemical in water.

Lipid-normalized and freely dissolved-based bioconcentration factor (BCF}%). Theratio (in
liters per kilogram of lipid) of the lipid-normalized concentration of achemical in tissue of an
organism to the concentration of the chemical freely dissolved in water, in situations where both
the organism is exposed through water only and the ratio does not change substantially over
time. The BCF"is calculated as:
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fd
BCF,“ = —~ (Equation 2-11)

where:

G
Cvad

lipid-normalized concentration of chemical in tissues
concentration of chemical that isfreely dissolved in water

2.3 ADDITIONAL TERMS

Biomagnification. The increase in concentration of achemical in the tissue of organismsaong a
series of predator-prey associations, primarily through the mechanism of dietary accumulation.

Biomagnification factor (BMF). Theratio (unitless) of the concentration of achemical ina
predator organism at a particular trophic level to the concentration of the chemical in the tissue of
its prey organism at the next lowest trophic level for agiven water body and chemical exposure.

For nonionic organic chemicals (and certain ionic organic chemicals to which similar lipid and
organic carbon partitioning behavior applies), aBMF can be calculated using lipid-normalized
concentrations of chemical in the tissue of organisms at two successive trophic levels as:

C

BMF@ N C'A (Equation 2-12)
1t (TL, n- 1)
where:
BMFq.n, =  biomagnification factor for trophic level “n” (TL “n”)
Ciin = lipid-normalized concentration of chemical in tissue of predator
organism at agiven trophic level (TL “n”)
G (L n) = lipid-normalized concentration of chemical in tissue of prey organism

at the next lower trophic level from the predator (TL “n-1")

For those inorganic, organometallic, and ionic organic chemicals for which lipid and organic
carbon partitioning does not apply (see Section 5.6), aBMF can be calculated using chemical
concentrations in the tissue of organisms at two successive trophic levels as.

C

BMF@ N Cl# (Equation 2-13)
t (TL, n- 1)
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where:

BMFq., =  biomagnification factor for trophic level “n” (TL “n”)

Cirn =  concentration of chemical in tissue of predator organism at agiven
trophic level (TL “n”)

Cirn = concentration of chemical in tissue of prey organism at the next lower

trophic level from the predator (TL “n-1")

Biota-sediment accumulation factor (BSAF). For nonionic organic chemicals (and certain ionic
organic chemicals to which similar lipid and organic carbon partitioning behavior applies), the
BSAF istheratio (in kilograms of sediment organic carbon per kilogram of lipid) of the lipid-
normalized concentration of achemical in tissue of an aguatic organism to its organic carbon-
normalized concentration in surface sediment, in situations where the ratio does not change
substantially over time, both the organism and its food are exposed, and the surface sediment is
representative of average surface sediment in the vicinity of the organism. The BSAF is calculated
as:

C
BSAF = —_ (Equation 2-14)
CSDc
where:
C = lipid-normalized concentration of chemical in tissue
Cec =  concentration of chemical in dry sediment, normalized to sediment organic

carbon
Depuration. Loss of achemical from an organism as aresult of any active or passive process.

Equilibrium. A thermodynamic condition under which achemical’s activity, or fugacity, is
egual among all phases composing the system of interest. In systems at equilibrium, chemical
concentrationsin all phases will remain unchanged over time.

Food-chain multiplier (FCM). For nonionic organic chemicals (and certain ionic organic
chemicalsto which similar lipid and organic carbon partitioning behavior applies), the ratio of a
baseline BAF for an organism of a particular trophic level to the baseline BCF (usualy
determined for organismsin trophic level one). For inorganic, organometallic, and certainionic
organic chemicals to which lipid and organic carbon partitioning does not apply, a FCM can be
derived based on total (wet or dry weight) concentrations of the chemical in tissue as described in
Sections4.4.1 and 4.4.2.

Freely dissolved concentration (C{?). For nonionic organic chemicals, the concentration of the
chemical that is dissolved in ambient water, excluding the portion sorbed onto particul ate or
dissolved organic carbon (POC or DOC). The freely dissolved chemical concentration is
considered to represent the most bioavailable form of an organic chemical in water and therefore
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isthe form that best predicts bioaccumulation. The freely dissolved concentration can be
determined as:

cl=-c!- £y (Equation 2-15)
where:
Cy = total concentration of chemical in water
fia = fraction of thetotal concentration of chemical in water that isfreely

dissolved

Hydrophilic. Having affinity for water; the extent to which a chemical is attracted to partitioning
into the water phase. Hydrophilic organic chemicals have a greater tendency to partition into
polar phases (e.g., water) than do hydrophobic chemicals.

Hydrophobic. Lacking affinity for water; the extent to which a chemical avoids partitioning into
the water phase. Highly hydrophobic organic chemicals have a greater tendency to partition into
nonpolar phases (e.g., lipid, organic carbon) than do hydrophilic chemicals.

Lipid-normalized concentration (C;). The total concentration of achemical in atissue or whole
organism divided by the fraction of that tissue or whole organism that is lipid. The lipid-
normalized concentration can be calculated as:

Ct
C = — (Equation 2-16)

f

where:

concentration of chemical in tissue
fraction of tissuethat islipid

Ci
f;

n-Octanol-water partition coefficient (K,,). Theratio of the concentration of achemical in the
n-octanol phase to its concentration in the aqueous phase in an equilibrated two-phase n-octanol-
water system. For log K,,, the log of the n-octanol-water partition coefficient is a base 10
logarithm.

Sediment organic carbon-normalized concentration (C,, ). For sediments, the total
concentration of a contaminant in sediment divided by the fraction of organic carbon in
sediment. The sediment organic carbon-normalized concentration can be calculated as:

C

soc f
soc

(Equation 2-17)
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concentration of chemical in dry sediment
fraction of dry sediment that is organic carbon

Sediment-water column concentration quotient (J,,.,). Theratio (in liters per kilogram of
organic carbon) of the concentration of chemical in the sediment, on an organic carbon basis, to
that in the water column, on afreely dissolved basis. P ., when divided by the K, of the
chemical provides ameasure, for a given ecosystem, of the chemical’ s thermodynamic gradient
between the sediment and the water column. The sediment-water column concentration quotient
iscalculated as:

c

oo = Cs}’: (Equation 2-18)

w

where:
Cec =  concentration of chemical in dry sediment, normalized to sediment organic
carbon
Cl? = concentration of chemical that isfreely dissolved in water

Steady state. A condition reached by a system when rates of chemical movement between
phases and reactions within phases are constant so that concentrations of the chemical in the
phases of the system are unchanged over time. A system at steady state is not necessarily at
equilibrium; steady-state conditions often exist when some or all of the phases of the system
have different activities or fugacities for the chemical.

Uptake. Movement of chemical from the environment into an organism as the result of any
active or passive process.



3. OVERVIEW OF THE NATIONAL BAF METHODOLOGY

This section provides an overview of the methodology EPA will use for deriving national
BAFsfor setting AWQCs for the protection of human health. As mentioned in Section 1,
national BAFs are intended to account for some major chemical, biological, and ecological
attributes that can affect bioaccumulation in bodies of water across the United States. Therefore,
EPA will use separate procedures for deriving national BAFs depending on the type of chemical
(i.e., nonionic organic, ionic organic, inorganic, and organometallic). In addition, to account for
other factors, such as biomagnification and broad physiological differences between trophic
levels, EPA’ s national BAFs are derived separately for each trophic level. The methodol ogy
resultsin three national trophic level—specific BAFs for each chemical, one specific for each of
trophic levels 2, 3, and 4 (BAF,, BAF;, and BAF,).

BAFs can be measured or estimated with avariety of methods, ranging from empirically
driven approaches that rely on measurements of chemical concentrations in aquatic organisms
and their surrounding environmental media (water and sediment) to mechanistically driven
approaches that rely on food web models in combination with information about the properties
of chemicals and ecosystems to estimate bioaccumulation. The four methods that EPA will use
for deriving national BAFs are described in the following sections. For agiven chemical, the
choice of which method to use for deriving a national BAF depends on several factors. These
factors include the properties of the chemical of interest, the relative strengths and limitations of
the BAF method, and the level of uncertainty associated with the bioaccumulation or
bi oconcentration measurements. Because multiple evaluation steps are involved in selecting the
most appropriate BAF method(s) for a given chemical and data set, EPA has developed a
decision framework for deriving national BAFs (Figure 3-1). This framework illustrates the major
steps and decisions that will ultimately lead to calculating anational BAF. Use of this framework
leads to selection of one of six possible procedures (shown at the bottom of
Figure 3-1) for deriving national BAFs. Each procedure includes those BAF derivation methods
that are suitable for the class and properties of chemicals to which the procedure applies. The
following subsections are a prelude to the detailed discussion of the national BAF methodol ogy
provided in Sections 4 through 7. Section 3.1 introduces each of the four methods available for
deriving national BAFs, including a discussion of their relative strengths and limitations. Section
3.2 provides additional discussion and explanation of the BAF derivation framework that applies
to all chemical types.
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Figure 3-1. Framework for selection of methods for deriving national BAFs.




3.1 SUMMARY OF FOUR BIOACCUMULATION METHODS

Bioaccumulation factors used to derive national trophic level—specific BAFs can be
measured or predicted using one or more of the following four methods, depending on the type
of chemical and its properties:

1 Measured BAFs derived from data obtained from afield study (i.e., field-
measured BAFs)

2. BAFs predicted from biota-sediment accumul ation factors (BSAFs) obtained from
afield study (i.e., field-measured BSAFs)

3. BAFs predicted from laboratory-measured BCFs, with or without adjustment by a
food-chain multiplier

4. BAFs predicted from a chemical’ s n-octanol-water partition coefficient (K,,), with
or without adjustment by a food-chain multiplier

Each of the four methods is summarized below. Details of each of the four methods are
described in Section 5.

3.1.1 Field-Measured BAFs

A BAF derived from data obtained from field-collected samples of tissue and water—
referred to here as a*field-measured BAF’—is the most direct measure of bioaccumulation. A
field-measured BAF is determined from measured chemical concentrationsin an aguatic
organism and the ambient water collected from the same field location. Because the data are
collected from a natural aquatic ecosystem, afield-measured BAF reflects an organism’s
exposure to achemical through all relevant exposure routes (e.g., water, sediment, diet). A field-
measured BAF also reflects factors that influence the bioavailability and metabolism of a
chemical that might occur in the aquatic organism or its food web. Therefore, field-measured
BAFs are appropriate for al chemicals, regardless of the extent of chemical metabolism in biota.

3.1.2 BAFs Predicted from a Field-Measured BSAF

For nonionic organic chemicals (and certain ionic organic chemicals to which similar lipid
and organic carbon partitioning behavior applies), BAFs can also be predicted from BSAFs. A
BSAF issimilar to afield-measured BAF in that the concentration of achemical in biotais
measured from field-collected samples and it reflects an organism’ s exposure to all relevant
exposure routes. A BSAF also accounts for bioavailability and chemical metabolism that might
occur in the aguatic organism or itsfood web. A BSAF references the concentration of the
chemical in an organism to the concentration of chemical in sediment, but it may be converted to
aBAF when the chemical’ s distribution between sediments and water can be estimated. The
BSAF procedure is used only to predict a BAF for moderate to highly hydrophobic organic
chemicals.
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3.1.3 BAFs Predicted from Laboratory-Measured BCFs

A laboratory-measured BCF can be used to estimate a BAF for organic and inorganic
chemicals either with or without adjustment with afood-chain multiplier, depending on the
importance of nonaqueous exposure routes. However, unlike afield-measured BAF or one
predicted from afield-measured BSAF, alaboratory-measured BCF typically reflects only the
accumulation of chemical through the water exposure route. A |aboratory-measured BCF may
therefore underpredict BAFs for chemicals for which accumulation from sediment or dietary
sourcesisimportant. In these cases, |aboratory-measured BCF can be adjusted by a factor known
as afood-chain multiplier (FCM) to better reflect accumulation through the food web from
dietary exposures. Because a laboratory-measured BCF is determined by using the measured
concentration of achemical in an aguatic organism and its surrounding water, a laboratory-
measured BCF often reflects metabolism of the chemical that occurs in the organism during the
BCF measurement, but not in the food web.

3.1.4 BAFs Predicted from K,

A chemica’sK,, (measured or predicted) can also be used to predict aBAF for nonionic
organic chemicals. This procedure is appropriate for nonionic organic chemicals but can also be
applied to certain ionic chemicals that have lipid and organic carbon partitioning behavior similar
to that of nonionic organics. The K, isstrongly correlated with the BCF for nonionic organic
chemicals, in particular those chemicals that are poorly metabolized by aquatic organisms. For
nonionic organic chemicals where food web exposure is important, use of the K, alone, asan
estimate of BCF, will underpredict the BAF because the BCF accounts only for chemical
exposure from water. In such cases, the K, is adjusted with an FCM as described for the BAF
method in Section 3.1.3.

3.1.5 Advantages and Limitations of BAF Methods

Each BAF derivation method summarized above has strengths and limitations associated
with it that will be considered and balanced when deriving national BAFs. These strengths and
limitations, as summarized in Table 3-1, form the basis for the Framework for selecting methods
for deriving national BAFs (Figure 3-1) that is described in Section 3.2. For example, use of the
field-measured BAF method is advantageous in that it appliesto all chemical types, and accounts
for site-specific factors that affect bioavailability, biomagnification, and metabolism. However,
the current database of acceptable field-measured BAFsis relatively limited, in terms of both
number of sites and chemicals for which they have been derived. Furthermore, field-measured
BAFs cannot be readily determined for chemicals that are very difficult to accurately measurein
the water column (e.g., 2,3,7,8-TCDD). BAFs derived from field-measured BSAFs offer a
number of the same strengths as field-measured BAFs (e.g., they account for biomagnification,
metabolism, and site-specific factors affecting bioavailability). In addition, the BSAF method is
the only field-based method that can be used for chemicals such as 2,3,7,8-TCDD that are
difficult to measure in ambient water. In EPA’ s framework, however, application of the BSAF
method is currently limited to nonionic organic chemicals of moderate to high hydrophobicity.
BAFs predicted from laboratory-measured BCF can be applied to all chemical types, and dataare
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generaly more plentiful than with field-measured BAFs. However, |aboratory-based BCFs by
themselves do not address chemical biomagnification in food webs unless they are adjusted with
afield- or model-derived FCM. In addition, acceptable BCFsfor highly hydrophobic chemicals
(i.e., those with alog K, > 6) appear to be very limited, often because of lack of ancillary data
that affect bioavailability (e.g., dissolved organic carbon). Finally, the model-derived BAF
derivation method (using K, and FCMs where appropriate) offers adistinct advantage in that no
laboratory data (besides aK,,) or field data are needed to derive a BAF. However, thismethod is
limited to nonionic organic chemicals and is currently constrained by the lack of in vivo dataon
chemical metabolism.

Table 3-1. Strengths and Limitations of the Four BAF Methods for Deriving National BAFs

BAF derivation Strengths Limitations
method
1. Fed- » Applicableto al chemical types High-quality data currently limited to few
measured * Incorporates chemical biomagnification sitesand chemicals
BAF and metabolism Representative chemical concentrationin
» Reflects site-specific attributes that affect water may be difficult to quantify
bioavailability and dietary exposure
2. BAF * Incorporates chemical biomagnification Limited to nonionic organic chemicals
predicted and metabolism withlogK,, $ 4
fromfield- » Reflects site-specific attributes that affect High-quality data currently limited to few
measured bioavailability and dietary exposure chemicalsand sites
BSAF » Useful for chemicalsthat are difficult to Accuracy depends on representativeness
analyze in water and quality of estimate of chemical
* Useof chemical concentrationsin distribution between sediment and water
sediment reduces temporal variability
3. BAF » Applicableto al chemical types Chemical metabolism, when present in
predicted » BCF may account for chemical food web, generally not accounted for
from lab- metabolism in test organisms High-quality data currently limited for
measured » Large BCF database available highly hydrophobic chemicals, in part
BCF x FCM » Standardized test methods because of lack of ancillary data that affect
biocavailability
4. BAF » Readily applied with minimal input data Limited to nonionic organic chemicals
predicted Chemical metabolism, when present, not
fromak,, X accounted for
FCM Accuracy depends on accuracy of K,

3.2 FRAMEWORK FOR DERIVING NATIONAL BAFs

The EPA’ s framework for deriving national BAFsis depicted in Figure 3-1. The goal of
this framework and the BAF guidance presented in the 2000 Human Health Methodology is to
facilitate the full use of available data and methods for deriving national BAFs while prioritizing
and restricting the use of certain BAF methods based on their inherent strengths and limitations,
as summarized in Section 3.1. Use of this decision framework results in selection, based on the
class and properties of the chemical, of one of six “Procedures,” each of which can be used to
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derive national BAFsfor achemical having the specified class and properties. Each procedure
includes one or more of the methods described in Section 3.1. Within a procedure, the number
next to each BAF method indicates its general order of preference in the hierarchy for calculating
national BAFs. For example, afield-measured BAF is generaly given the highest preference for
deriving anational BAF using Procedure 1, followed by a BAF predicted from aBSAF, aBAF
predicted from aBCF x FCM, and, finally, a BAF predicted from aK,, x FCM However, the
hierarchy of methods within each procedure is not intended to be inflexible, as explained in
Section 6.1 and in the 2000 Human Health Methodology. Some situations may indicate that
greater uncertainty islikely to occur when applying a BAF derived from a“more highly
preferred” method (e.g., afield-measured BAF within Procedure 1) than with a“less preferred”
method (e.g., BAF predicted from BCF x FCM within Procedure 1), for example, when data
from the more preferred method are limited in terms of their representativeness, quantity, or
quality relative to the lower-tier method. In these situations, data from the lesser preferred, but
least uncertain, method should be used to derive the national BAFs.

Thefirst step in the national BAF derivation framework involves precisely defining the
chemical of concern. The purpose of this step isto ensure consistency between the form(s) of
chemical used to derive national BAFs and the form(s) used as the basis of the health assessment
(e.0., thereference dose or point of departure/uncertainty factor). Although this step is usually
unambiguous for single chemicals that are stable in the environment, complications can arise
when assessing chemical s that occur as mixtures or undergo complex transformations in the
environment.

The second step of the framework consists of collecting and reviewing data on
bioaccumulation and bioconcentration. The third step involves classifying the chemical into one
of three broadly defined categories. nonionic organic, ionic organic, and
inorganic/organometallic. This step isimportant because some of the four BAF methods
summarized in Section 3.1 are specific to certain chemical groups (e.g., the BSAF method for
nonionic organic chemicals). For the purposes of the 2000 Human Health Methodol ogy, nonionic
organic chemicals are defined as organic compounds that do not ionize substantially in natural
bodies of water. These chemicals are also referred to as “neutral” or “nonpolar” organicsin the
scientific literature. lonic organic chemicals are considered to include those chemicals that
contain functional groups with exchangeable protons, such as hydroxyl, carboxylic, sulfonic, and
nitrogen (pyridine) groups. lonic organic chemicals undergo ionization in water, the extent of
which depends on the pH and the pKa of the chemical. lonic chemicals are considered separately
when deriving national BAFs because the behavior of the anionic or cationic species of these
chemicalsis much different from those of their neutral (un-ionized) counterparts. Inorganic and
organometallic chemicals include inorganic minerals, other inorganic compounds and elements,
metals, metall oids, and organometallic compounds. Additional guidance on the first three steps
of the framework isfound in Section 5.3 of the 2000 Human Health Methodol ogy.

Once the chemical is classified into one of the three chemical categories, additional
evaluation steps are necessary to determine which of the BAF procedures should be used to
derive anational BAF. These steps are summarized below for each of the three chemical
categories.
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3.2.1 BAF Derivation Procedures for Inorganic and Organometallic Chemicals

For inorganic and organometallic chemicals, the primary factor to be evaluated is the
likelihood that the chemical will undergo biomagnification in the food web. At present, evaluating
the biomagnification potential for this group of chemicalsisamost exclusively limited to
anayzing empirical data on the importance of food web (dietary) exposure and biomagnification
in determining chemical concentrationsin aquatic species. For example, available dataindicate
that methylmercury biomagnifies in aquatic food webs, whereas other chemicalsin this category
do not routinely biomagnify (e.g., copper, zinc, lead). If biomagnification is considered to be
likely, then field-measured BAFs are the preferred BAF method, followed by laboratory-
measured BCF adjusted with an FCM. If biomagnification is determined to be unlikely, field-
measured BAFs and laboratory-measured BCF are considered to be of equal utility for deriving
national BAFs, all other factors being equal. Additional guidance on determining national BAFs
for inorganic and organometallic chemicalsis provided in Section 5.6 of the 2000 Human Health
Methodology. It should be noted that metal bioaccumulation can vary substantially across
organisms due to a number of factors, including physiological differences and variation in
mechanisms by which organismstake up, distribute, detoxify, store, and eliminate metals from
their tissues. As aresult of the complexity of assessing the fate and effects of metalsin the
environment, EPA has embarked on an initiative to provide additional guidance on conducting
metal assessments, including metals bioaccumulation by aquatic organisms (USEPA, 2002).

3.2.2 BAF Derivation Procedures for Ionic Organic Chemicals

For chemicals classified asionic organic chemicals, the primary evaluation step involves
estimating the relative extent of ionization and evaluating their partitioning behavior with lipids
and organic carbon. If the relative extent of ionization that is likely to occur at pH rangesthat are
typical of U.S. surface watersis negligible (see the 2000 Human Health Methodol ogy for
guidelines on this determination), and if the un-ionized form of the ionic chemical behaveslike a
nonionic organic chemical, in which lipid and organic carbon partitioning controls the behavior of
the chemical, then the chemical can be treated essentially as a nonionic chemical for the purposes
of deriving national default BAFs. If ionization is considered potentially important, or if non-lipid
and non-organic carbon mechanisms control the behavior of the chemical, then theionic
chemical istreated in the same way as inorganic and organometallic chemicals for deriving
national BAFs. Additional guidance for deriving national BAFsfor ionic organic chemicalsis
provided in Section 5.5 of the 2000 Human Health Methodology.

Perfluorinated alkyl acids are an example of ionic organic chemicals. Some of these
chemicals bioconcentrate and biomagnify in food webs via non-lipid mediated mechanisms; i.e.,
lipid and organic carbon partitioning behavior observed for nonionic organic chemicals does not
apply. For the perfluorinated alkyl acids, Procedure 6 (Figure 3-1) would be used to derive
national default BAFs.
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3.2.3 BAF Derivation Procedures for Nonionic Organic Chemicals

Deriving national BAFs for nonionic organic chemicalsis somewhat more complex than
for the other two chemical classes. First, four national BAF derivation procedures are applicable
to nonionic organic chemicals. Second, selecting the most appropriate derivation procedure
depends greatly on chemical properties, which are evaluated in two decision steps (see Figure
3-1). Finally, once the derivation procedure is selected, additional adjustments are made to the
BAFsin order to account for differencesin factors that affect bioaccumulation of this group of
chemicalsin aquatic organisms (e.g., lipid content in test organisms and organic carbon content
in water).

Figure 3-2 shows the national BAF derivation process for nonionic organic chemicals.
This processis divided into four steps:

Step 1. Selecting the BAF derivation procedure

Step 2. Calculating individual baseline BAFs

Step 3. Sdlecting final baseline BAFs

Step 4. Calculating national BAFs from the final baseline BAFs

A summary of each step follows.
Step 1: Selecting a BAF Derivation Procedure

Step 1 of the approach determines which of the four BAF procedures described in
Section 3-1 will be appropriate for deriving the national BAF for a given nonionic organic
chemical. As shown in Figure 3-1, there are two decision points. The first decision point requires
knowledge of the chemical’ s hydrophobicity (i.e., the K, of the chemical). The K, providesan
initial basis for assessing whether nonaqueous (e.g., food web, sediment) exposure and
biomagnification may be a concern for nonionic organic chemicals. Knowledge of the likely
importance of nonagueous routes of exposure determines whether or not some methods (e.g.,
lab-measured BCF, K,,,-derived BAF) require additional adjustments to account for this
exposure. Guidance for selecting the K, for achemical is provided in Appendix B of thisTSD.
For the purposes of the 2000 Human Health M ethodol ogy, nonionic organic chemicals with log
Ko Values equal to or greater than 4.0 are classified as “moderately to highly hydrophobic.” For
moderately to highly hydrophobic nonionic organic chemicals, available dataindicate that
exposure through the diet and other nonagueous routes can become important in determining
chemical residuesin aguatic organisms (e.g., Russell et al., 1999; Fisk et al., 1998; Oliver and
Niimi, 1983, 1988; Niimi, 1985; Swackhammer and Hites, 1988). Below alog K,,, of 4, available
information indicates that nonagueous exposure to these chemicalsis not likely to be important.

The second decision point involves assessing the importance that chemical metabolism
might have in determining chemical concentrations in aquatic organisms. Assessing metabolism
isimportant because it affects the degree to which a chemical bioaccumulates (and biomagnifies)
in aguatic food webs. For example, some polynuclear aromatic hydrocarbons have K, values
that would warrant initial concern for biomagnification (i.e., log K, > 4), but chemical
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metabolism by higher organisms (primarily fish) often results in reduced concentrationsin fish
(Endicott and Cook, 1994; Burkhard, 2000). Guidance for assessing whether ahigh or low rate of
metabolism islikely for agiven chemical is provided in Section 5.4.2.3 of the 2000 Human Health
Methodol ogy.

Together, the hydrophobicity and metabolism decision points lead to the selection of one
of four BAF procedures. Procedure 1 appliesto chemicals with moderate to high K,,s, where
(2) the influence of chemical metabolism is suspected to be minor (e.g., polychlorinated
biphenyls [PCBS], dichlorodiphenyltrichloroethane [DDT], dieldrin, etc.) or (2) there are
insufficient data on chemical metabolism to make a determination (this reflects a policy decision
to err on the side of public health protection in the absence of data). Procedure 2 appliesto
moderate-to-high K, chemicals for which the influence of chemical metabolism on
bioaccumulation is considered to be important (e.g., selected polynuclear aromatic
hydrocarbons). Within this procedure, the use of K,-based estimates (with or without FCMs) of
BAFsisrestricted because the K, may substantially overpredict bioaccumulation for chemicals
that are metabolized. Procedure 3 appliesto low-K,, chemicals for which chemical metabolismis
not considered significant. For such chemicals, no preference is given to field-measured BAFs
over laboratory-measured BCF (i.e., both methods are appropriate), since biomagnification is not
considered important for low-K,, chemicals. Procedure 4 appliesto low-K,, chemicalsfor which
metabolism is considered to be important. In this procedure asin Procedure 2, use of K, -
predicted BAFsis not recommended because the K, may substantially overpredict
bioaccumulation.

Step 2: Calculating Individual Baseline BAFs

Step 2 involves calculating individual, species-specific baseline BAFsusing all of the
methods available within the selected BAF derivation procedure. Calculating an individual
baseline BAF involves normalizing the field-measured BAF; (or laboratory-measured BCFY),
which aretypically based on total concentrations in tissue and water by the lipid content of the
study organism and the fraction of total chemical that isfreely dissolved in the ambient water.
Both the lipid content in the organism and the freely dissolved chemical concentration (as
influenced by organic carbon in water) have been shown to be important factors that influence
the bioaccumulation of nonionic organic chemicals (e.g., Mackay, 1982; Connolly and Pederson,
1988; Thomann, 1989; Suffet et al., 1994). Therefore, baseline BAFs, which are expressed on the
basis of the chemical concentration in the lipid fraction of tissue and freely dissolved in water, are
considered more amenable to being applied across different species and bodies of water than are
BAFs or BCF expressed on the basis of the total concentrations in the tissue and water. Because
bioaccumulation can be strongly influenced by the trophic position of aguatic organisms
(through either biomagnification or physiological differences), extrapolation of baseline BAFs
should not be performed between species of different trophic levels. An example of how a
baseline BAF is calculated from afield-measured BAF is shown by Equation 3-1. Equations for
calculating baseline BAFs differ according to the BAF derivation method. Examples of baseline
BAF equations for other BAF derivation methods are provided in Sections 5.1 through 5.4 of this
TSD and in Sections 5.4.3 through 5.4.6 of the 2000 Human Health Methodol ogy.
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Baseline BAF = BAF,™ =

BAF; 1
fra £

-1 -

(Equation 3-1)

where:
BAF: = Totd BAF
fia = fraction of thetotal concentration of chemical in water that isfreely
dissolved
fa = fraction of thetissue that islipid
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Step 3: Selecting Final Baseline BAFs

Step 3 of the methodology consists of selecting the final baseline BAFs from the
individual baseline BAFs by using aweight-of-evidence approach that takes into account the
uncertainty in theindividual BAFs and the data preference hierarchy (i.e., field-measured BAFs
are preferred over BAFs derived using the other methods). The individua baseline BAFs should
be calculated using as many of the methods as possible under the appropriate BAF derivation
procedure. As described earlier, the data preference hierarchy discussed in Section 5.4.2 of the
2000 Human Health Methodology is not inflexible. Rather, it is intended to be aguide for
selecting the most appropriate final BAF when the uncertainty is similar between two individual
baseline BAFs calculated using different methods. Section 6.1 of this TSD and Section 5.4.3.2 of
the 2000 Human Health Methodol ogy provide more detailed discussions of this step.

Step 4: Calculating National BAFs

The fourth and final step in calculating national BAFs for nonionic organic chemicals
involves calculating three trophic-level specific BAFsthat will be used in the equation to calculate
national recommended AWQC for the protection of human health. This step involves adjusting
final baseline BAFsto reflect the average lipid content of commonly consumed fish and shellfish
and bioavailability of the chemical in waters to which the national recommended AWQC will
apply. Converting baseline BAFs to national BAFs requires information on (1) the percent lipid
of the aquatic organisms commonly consumed in the United States and (2) the fraction of
chemical that isfreely dissolved that is expected to be present in the ambient waters of interest.
Baseline BAFs are not used directly in the derivation of the national AWQC because they do not
reflect the conditions that affect chemical bioavailability in U.S. waters or chemical accumulation
dueto lipid content of the fish and shellfish residing in U.S. waters. The equation for calculating a
national BAF for each trophic level is:

National BAFy, , = [(Final Baseline BAF), , - (f_ + 1] £ (Equation3-2)

where:

Fina Basdine BAF;, mean baseline BAF for trophic level “n”

farin) :‘racelti on of tissue that islipid in aguatic organisms at trophic
evel “n”

fia = fraction of the total concentration of chemical in water that is
freely dissolved

The technical basis of Equation 3-2 is provided in Section 4. Procedures EPA will usefor
determining each component of Equation 3-2 are provided in Sections 6.4 and 6.5.
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4. BACKGROUND INFORMATION ON LIPID NORMALIZATION,
BIOAVAILABILITY, AND BIOMAGNIFICATION

National trophic-level specific BAFs are intended to represent the long-term, average
bioaccumulation potential of a pollutant in aguatic organisms of a particular trophic level
(i.e, 2, 3, or 4) that are commonly consumed by humans throughout the United States. For
certain chemicals (e.g., nonionic organics), chemical bioavailability, biotalipid content, and
trophic transfer can affect bioaccumulation potential and ultimately the magnitude of BAFs.
Because chemical bioavailability, biotalipid content, and trophic transfer can vary across
locations and species, these factors should be accounted for in the derivation of national BAFs.
Figure 3-2 in Section 3.2.3 presents EPA’ s stepwise process for devel oping national BAFsfor
nonionic organics, of which akey step is derivation of baseline BAFs.

The scientific basis for the lipid and freely dissolved fraction normalizations for nonionic
organic chemicals are presented in Sections 4.1 through 4.3. Section 4.4 presents a discussion on
how biomagnification isincorporated into the baseline BAFsin certain BAF methods.

4.1 LIPID NORMALIZATION
4.1.1 Background and Theory

The importance of lipid content in influencing the bioaccumulation of nonionic organic
chemicalsin aguatic organismsis well documented. Early work by Reinert (1969) and Reinert et
a. (1972) demonstrated that nonionic organic chemicals concentrate in the lipids of organisms,
and that differencesin DDT concentrations between species and size groups are reduced when
the concentrations of chemicals are normalized by lipid content. Numerous other studies have
confirmed the role of lipid content in the bioconcentration and bioaccumulation of organic
chemicals by aguatic organisms (e.g., Baron, 1990; van den Heuvel, et ., 1991; Leblanc, 1995;
Stow et al., 1997). The lipid compartment is fundamental to equilibrium partitioning theory and to
most bioaccumulation models of organic chemicals, wherein bioconcentration is described as a
chemical partitioning process between the lipid and water compartments (e.g., Mackay, 1982;
Barber et d., 1991; Gobas, 1993; Thomann, 1989; Di Toro et a., 1991). Although other
compartments are assumed to exist in aguatic organisms (e.g., interstitial water, nonlipid
biological material), partitioning to lipids becomes increasingly important as chemical
hydrophobicity increases.

Recognition of the importance of lipids when assessing and predicting bioaccumulation
of nonionic organic chemicals has led to the practice of normalizing chemical concentrationsin
tissue by lipid content. Lipid normalization, which is the process of dividing the total
concentration of achemical in tissue by the fraction of the tissue that islipid (f;), isusually
performed to account for variation in bioaccumulation between species (or individuals within a
species) that results from differencesin lipid content aone. Although quantifying chemical
concentrations in lipids would be a direct measure of chemical partitioning to lipids, itis
technically difficult to do this because of the diffuse nature of lipidsin tissues of aquatic
organisms. Lipid normalization has been conducted since at least the 1980s for deriving AWQC
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for the protection of human health (USEPA, 1980), and more recently in developing Equilibrium
Partitioning Sediment Benchmarks (USEPA, 2000b).

In the 2000 Human Health Methodology, EPA continues to recommend that BAFs be
adjusted by the fraction of tissue that islipid in order to account for differencesin
bioaccumulation that result from variation in lipid content among aquatic species (USEPA,
2000a). As depicted by Figure 3-2, BAFs are adjusted by lipid fraction (f;) in two separate steps.
In the first step, data on the fraction of tissue that islipid (f;) and data on the freely dissolved
chemical concentration in water (C\%) are used to calculate a baseline BAF from afield-measured
BAF; or alab-measured BCFL. This step isillustrated by Equation 3-1 for field-measured BAF:s.
Here, lipid normalization is conducted to enable more precise estimates of BAFs across multiple
sites and species within atrophic level by accounting for the confounding influence of lipid
variability on BAF:s. In the second step, the final baseline BAF calculated in step 1 is converted
to anational BAF that reflects the lipid fraction of commonly consumed aquatic organisms (and
the fraction of chemical that isfreely dissolved calculated for U.S. surface waters). Thisstepis
illustrated by Equation 3-2 in Section 3.2.3.

4.1.2 Assumptions and Limitations

Although theory and empirical evidence support the concept of adjusting BAFs and
BCFsby lipid content to facilitate their extrapolation between species and sites, this practice
nevertheless involves making a series of assumptions that deserve to be explicitly stated and
evaluated. These assumptions can be stated as:

1 For a given species and exposure condition, the total concentration of a nonionic
organic chemical in the tissue of an organism at or near steady state variesin direct
proportion to the lipid content in the tissue of interest.

2. The degree of proportionality of chemical concentration with lipid content does
not depend on the amount or composition of lipids present in tissue.

Asdescribed in Section 4.1.1, the first assumption is generally supported by the empirical
evidence and underlying theory that supports many widely used bioaccumulation models. This
assumption is also supported by the findings that for organic chemicals that are not metabolized,
BCF isstrongly correlated with K, (e.g., Veith et a., 1979b; Isnard and Lambert, 1988; de Wolf
et d., 1992). In determining K,,S, n-octanol is considered to be a surrogate for lipid. Chiou (1985)
used triolein (glyceryl trioleate) as a surrogate for lipid and also found good agreement between
BCFs and triolein/water partition coefficients. Evidence of the utility of lipid normalization is
presented in Section 5.1.3, Figure 5-2, where it is shown that normalization by the fraction of
tissue that islipid (f;) and the fraction of chemical in water that isfreely dissolved (f;g)
substantially reduces variation in BAF:s.

Although the general utility of lipid normalization has been well established, this

adjustment does not account for all of the variation in BAFs that may occur. Bioaccumulation
can be affected by other factorsthat differ between species, such as composition of diet, growth
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rate, chemical metabolism, and trophic position. Ecosystem factors, such as chemical |oading
history, food web structure, and bioavailability also contribute to variation in BAFs (EPA’s
calculation of baseline and national BAFs address some differences in trophic position and
bioavailability). Therefore, the effectiveness of lipid normalization in reducing variability in BAFs
and BCFsislikely to be greatest when conducted between species (or individuals within a
species) that are substantially different in lipid content but have experienced similar chemical
exposure conditions. In situations where the difference in lipid content between speciesis
minimal, or when the aforementioned factors (e.g., loadings history, food web structure) differ
substantially between sites, the efficacy of lipid normalization may be substantially reduced or
masked. Such situations may have contributed to reports of little or questionable benefit derived
from lipid normalization in somefield studies (e.g., Amrhein et a., 1999; Bergen et a., 2001).
Other procedures, such as analysis of covariance, have been proposed to improve the statistical
basis of lipid normalization (Hebert and Keenleyside, 1995). When sufficient data exist, analysis
of covariance may improve in the statistical basisfor lipid-normalizing BAFs. However, the
limited data associated with typical BAF/BCF studies often restrict application of this approach
for deriving national BAFs.

The second assumption pertains to the utility of the total lipid content as a normalizing
factor for species and tissues with widely varying lipid fractions and lipid compositions. The
process of normalizing BAFs and BCFs on the basis of the total fraction of tissue that islipid
assumes that lipids are asingle, uniform compartment. In redlity, total lipid content in fish
includes different lipid classes, including relatively polar phospholipids, which are common in
cell membranes, and generally nonpolar triacylglycerols, which are common in storage lipids
(Henderson and Tocher, 1987). The variation in lipid-partitioning behavior of nonionic organic
chemicalsisthought to be afunction of differencesin polarity of lipid classes, asfewer chemicals
become associated with the more polar “membrane-bound” lipids than storage lipids (Ewald and
Larsson, 1994; van Wezel and Opperhuizen, 1995; Randall et ., 1998).

In practical terms, the potential impact that differencesin lipid composition might have on
chemical partitioning and lipid normalization seems to be most relevant for very lean tissues (e.g.,
those less than 1%—2% total lipids). This suggestion is based on observations that |ean tissues of
some fish species contain a much greater proportion of polar phospholipids (24%—65%) than do
“fatty” tissues (1.5%—8.7%; Ewald and Larsson, 1994). Similar observations have been made
with populations of ribbed mussels, for which Bergen et al. (2001) reported significantly higher
fractions of polar lipids in leaner populations compared with fatter populations. Because of their
greater polarity with respect to lipid content, very lean tissues are likely to exhibit different
chemical/lipid-partitioning behavior than fatty tissues. Bergen et al. (2001) reported stronger
correlations between chemical concentrations and mussels with higher total (and nonpolar) lipid
content, which led to their suggestion that lipid normalization may work best above some
threshold of lipid content. However, the narrow range of lipid content evaluated in their study
(about afactor of two) and the reliance on total PCB measurements (as opposed to individual
congeners) might have limited their ability to identify meaningful trends between chemical
concentrations and lipid content.
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Differencesin lipid composition in tissues of aquatic organisms also relateto a
complication associated with methods used to determine lipid content. Specificaly, different
solvents have been used to extract lipids, which leads to different quantities (and types) of lipid
being extracted from the same tissue of aguatic organisms. In astudy by Randall et al. (1991),
lipid fraction varied by nearly fourfold among four extraction methods but varied twofold or less
among two of the more common extraction methods (chloroform-methanol and acetone-
hexane). Following up on their previous work, Randall et a. (1998) report that if different
solvents are used to extract lipids and PCB congeners, differences among lipid-normalized
concentrations can vary more than fivefold, depending on the solvent combination. The relative
difference among lipid extraction methods depends not only on the polarity of the solvent but
also the lipid content of the tissue. Because |ean tissues contain proportionally more polar lipids
than fatty tissues, differencesin the lipid extraction efficiency for different solvents tend to be
greatest for lean tissues (de Boer, 1988; Ewald et a., 1998). This finding led these authorsto
caution the use of lipid data from lean tissues that have been extracted using strictly nonpolar
solvent systems. Notably, other attributes (e.g., high temperature, pH, lipid decomposition due to
exposure to light and oxygen) can also affect lipid extractions, but these have been less studied
than has extraction solvent.

Although avariety of solvent systems that extract various lipid classes have been
proposed for use in normalizing tissue chemical concentrations by lipid content, a clear
consensus has not emerged on which method is most appropriate for all tissues, species, and
nonionic organic chemicals. Although it is desirable to have one standardized lipid extraction
method for normalizing concentrations of nonionic organic chemicals, it seems possible that no
single method would be equally appropriate for all chemical and tissue types, because different
tissues have different lipid compositions that, in turn, may ater the chemical/lipid partitioning
process. From atoxicological perspective, the science is not presently clear on which classes of
lipids (e.g., phospholipids, free fatty acids, mono-, di-, and triglycerides) are most relevant with
respect to different organic chemicals. For example, DDT has been reported to bind to relatively
polar membrane-bound lipids, which suggests membrane lipids might be relevant to DDT
toxicity (Chefurka and Gnidec, 1987). Randall et a. (1998) reported that 27% of extractable PCBs
were associated with the more polar, membrane-bound lipid pool (i.e., extractable with
chloroform/methanol), whereas 73% were associated with the neutral lipid pool (i.e., extractable
with hexane). Similarly, de Boer (1988) reported that chlorobiphenyls were associated with both
bound (membrane) and unbound (storage) lipid poolsin fish. These findings further suggest that
membrane-bound lipids should not be ignored when selecting lipid extraction methods.

To promote consistency in measuring BAFs and BSAFsin field studies, EPA
recommends the continued use of the Bligh and Dyer (1959) chloroform/methanol extraction
method (or the less toxic solvent system of Hara and Radin (1978), in which hexane/isopropanol)
in combination with gravimetric measurement of lipid. The Bligh-Dyer method is recommended
because it iswidely used for lipid measurements and has been well characterized in terms of the
types of lipids extracted. The Bligh-Dyer method al so extracts both polar and nonpolar lipids.
Based on these and other considerations, Randall et al. (1998) aso recommend the Bligh-Dyer
method as a standard technique for total lipid extraction pending more research to identify the
complex neutral chemical/lipid relationships and subsequent development of a definitive standard
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method. Randall et al. (1998) also recommend that if other lipid extraction methods are used,
results should be compared to results obtained using the Bligh-Dyer method to allow conversion
of the results to Bligh-Dyer equivaents. When using exiting data on lipid fraction, EPA may
consider it appropriate to exclude certain data when differencesin baseline BAFs or BCFsare
substantial and are believed to be caused largely by differencesin lipid extraction methods.

4.2 TECHNICAL BASIS OF FREELY DISSOLVED NORMALIZATION OF
CHEMICAL CONCENTRATION IN WATER

The 2000 Human Health Methodology for deriving trophic-level specific national BAFs
for nonionic organic chemicals uses baseline BAFsin an intermediate step. The baseline BAFs
are based on the concentration of chemical that isfreely dissolved in water (C[%) and the fraction
of the organism that islipid (f;). EPA uses these adjustments because they expressthe BAF on a
thermodynamic or fugacity basis and allow better extrapolation of BAFs from one ecosystem to
another.

By basing the baseline BAFs on C/ ¢, EPA does not ignore the chemical-associated
dissolved organic carbon (DOC) and particulate organic carbon (POC) in the water column. As
discussed in the following sections, a chemical associated with DOC and POC in the water
column is assumed to be in equilibrium with the chemical freely dissolved in the water column
(an assumption made by EPA; see Section 4.2.3). Therefore, any additions or removal of
chemical from any of the three phases (i.e., freely dissolved chemical, chemical associated with
DOC, and chemical associated with POC) will cause are-equilibration of the chemical among the
three phases. Due to the equilibrium conditions among these three phases, the chemical
concentration in the water column expressed using any of the three phases, individually or in
combination, isindicative of the chemical concentrations in the other water column phases for a
given set of ecosystem conditions. Therefore, aBAF could be based on any combination of the
three phases and include the influences of the other water column phases.

The relationship among the freely dissolved chemical and the chemical associated with
DOC and POC, presented below, assumes equilibrium among these phases. For agiven
ecosystem, DOC and POC define the partitioning of the chemical among the three phases.
National BAFs, calculated from the baseline BAFs, require both the average lipid content of fish
and shellfish consumed by the U.S. population as well as average DOC and POC valuesfor the
nation’ swaters. These required parameters result in expression of national BAFs on the basis of
the weight of fish/shellfish tissue and total chemical concentration in the water column,
i.e., (micrograms of chemical per kilogram of wet tissue) / (micrograms of chemical per liter of
water).

4.2.1 Background Theory and Basic Equation
Experimental evidence shows that hydrophobic organic chemicals exist in water in three
phases: (1) the freely dissolved phase, (2) sorbed to suspended solids (particulate organic

carbon), and (3) sorbed to dissolved organic matter (Hassett and Anderson, 1979; Carter and
Suffet, 1982; Landrum et al., 1984; Gschwend and Wu, 1985; McCarthy and Jimenez, 1985g;
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Eadieet al., 1990, 1992). The total concentration of the chemical in water isthe sum of the
concentrations of the freely dissolved chemical and the sorbed chemical (Gschwend and Wu,

1985; USEPA, 1993):

where:

DOC

C, = Ct'+ POC- C,, + DOC - Cy,

(Equation 4-1)

total concentration of chemical in water

concentration of chemical that isfreely dissolved in water
concentration of the chemical partitioned to the particulate organic
carbon in the ambient water

concentration of the chemical sorbed to the dissolved organic carbon
in the water

concentration of particulate organic carbon in water (kilograms of
particulate organic carbon per liter of water)

concentration of dissolved organic carbon in water (kilograms of
dissolved organic carbon per liter of water)

The above equation can also be expressed using partitioning relationships as:

where:

Cp=Cl- (1 + POC-K, + DOC-Kg)

(Equation 4-2)

Cpoc / Cif

Cuoc / Ci8

equilibrium partition coefficient of the chemica between POC phase
and the freely dissolved phase of water (liters of water per kilogram of
particulate organic carbon)

equilibrium partition coefficient of the chemica between DOC phase
and the freely dissolved phase of water (liters of water per kilogram of
dissolved organic carbon)

From Equation 4-2, the fraction of the chemical that isfreely dissolved in the water can be

calculated using the following equation:
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o= - !
* ¢! 1+POC-K, + DOC-Ky,

w

(Equation 4-3)

Experimenta investigations by Eadie et al. (1990, 1992), Landrum et al. (1984), Yin and
Hassett (1986, 1989), Chin and Gschwend (1992), and Herbert et al. (1993) have shown that K g
isdirectly proportional to the K, of the chemical and isless than the K,,,. When measured values
of Ky are not available, it can be estimated using the following equation:

Ko = K, * 0.08
(Equation 4-4)

Experimenta investigations by Eadie at al. (1990, 1992) and Dean et a. (1993) have

shown that K is approximately equal to the K, of the chemical. When measured K . values
are not available, it can be estimated using the following equation:

Koo ® Koy

(Equation 4-5)

By substituting Equations 4-5 and 4-6 into Equation 4-4, the following equation is
obtai ned:

_ 1
W= 13 POC-K_, + DOC - 0.08 - K_,

(Equation 4-6)

Burkhard et al. (1997) evaluated the utility of using Equation 4-6 to derive baseline BAFs
that are applicable to multiple sites. In their study, Burkhard et al. (1997) measured BAFs for
various chlorinated butadienes, chlorinated benzenes, and hexachloroethane for three species of
forage fish and blue crab in Bayou d' Inde of the Calcasieu River system in Louisiana. Using
Equation 4-6, field-measured BAFs were converted to baseline BAFs and compared to baseline
BAFs determined for other trophic level three speciesin two other field studies (Pereiraet d.,
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1988; Oliver and Niimi, 1988). One of these field studies, by Pereiraet a. (1988), was conducted
in different sites within the Calcasieu River system; the other study, by Oliver and Niimi (1988),
was carried out in Lake Ontario. Burkhard et al. (1997) found no significant difference between
baseline BAFs determined in their own study and those determined by Pereiraet a. (1988)
(Tukey’'s, ** = 0.05). However, for one chemical (hexachlorobutadiene), a difference between the
two studies of about 1 order of magnitude was observed in the baseline BAFs. Burkhard et al.
(1997) further noted that their own baseline BAFs were not substantially different from those
derived for similar trophic level fish in Lake Ontario, suggesting broader applicability of properly
derived baseline BAFs.

The EPA’s BAF methodol ogy incorporates four decisions/assumptions associated with
the three-phase partitioning model for estimating the concentrations of nonionic organic
chemicals that are freely dissolved in ambient waters. These four decisions/assumptions are:

1 Sorption of the chemical to DOC and POC reduces chemical bioavailability to
aguatic organisms.

2. Chemicalsin the freely dissolved phase of the water are in equilibrium with
chemical associated with the DOC and POC (including plankton) phases of the
water column.

3. Kpe =Koy
4. Kge=008CKyg,

These assumptions are based on experimental evidence referenced above. Detailed
discussions of the evidence and other information supporting these assumptions are presented in
the following subsections: assumption 1 in Section 4.2.2, assumption 2 in Section 4.2.3, and
assumptions 3 and 4 in Sections 4.2.4 and 4.2.5.

4.2.2 Effects of Chemical Sorption to DOC and POC on Chemical Bioavailability

Numerous reports demonstrate the partitioning of hydrophobic nonionic organic
chemicals to POC and DOC (see Section 4.2.4). Concurrent with the research on partitioning of
hydrophobic nonionic organic chemicalsto POC and DOC, research efforts have focused on
bioavailability of hydrophobic nonionic organic chemicals to fish and other aquatic organismsin
the presence of DOC and POC. The results of this research show that the concentration of
chemical that isfreely dissolved in sediment porewaters and ambient surface watersis the best
measure currently available of the fraction of nonionic organic chemicals available for uptake by
aguatic organisms (Suffet et al., 1994; DiToro et a., 1991).

Reduced chemical uptake by aquatic organismsin the presence of DOC has been
extensively reported for both ambient waters and waters containing added DOC (Leverseeet al.,
1983; Landrum et al., 1985; McCarthy and Jimenez, 1985b; McCarthy et al., 1985; Carlberg et al.,
1986; Black and McCarthy., 1988; Servos and Muir, 1989; Kukkonen et al., 1989). For example, it
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has been reported that the percentage reduction in gill uptake efficiency of benzo[a]pyrene and
2,2' 5,5 -tetrachlorobiphenyl in rainbow trout is equal to the percentage reduction in freely
dissolved chemical concentration in the presence of DOC (Black and McCarthy, 1988). The
authors of this study concluded that only the chemical that was freely dissolved in the water was
available for uptake by the fish. Similarly, Landrum et al. (1985), McCarthy et al. (1985), and
Servos and Muir (1989) reported that chemical uptake rates were reduced when DOC was present
and that the concentration of chemical that isfreely dissolved in the water column decreasesin
proportion to the amount of DOC present in the water. These studies clearly support EPA’s
assumption that chemical bioavailability of nonionic organic chemicalsto aguatic organismsis
reduced in the presence of DOC and POC. Excellent reviews on the science of bioavailability are
provided by Hamelink et al. (1994) and Kukkonen (1995).

There are afew reportsin the scientific literature of increases in the bioavailability of
nonionic organic chemicals to aguatic organisms in the presence of low concentrations of DOC
(see Haitzer et d., 1998). In their review, Haitzer et a. (1998) compared BCFs determined using
|aboratory waters with those determined using lake waters and laboratory waters with added
DOC asthe exposure media. When BCFs derived from laboratory water experiments were
smaller than those derived from the other waters, the authors concluded that increased
bioavailability had occurred. The EPA believes that some of these findings are artifacts of the
experimental design. For example, Haitzer et al. (1998) reported that bioavailability of hepta- and
octa-chlorodibenzo-p-dioxins to rainbow trout was enhanced when DOC was low. Careful
examination of the original report by Servos et a. (1989), however, revea s that the solubility
limits for the hepta- and octa-chlorodibenzo-p-dioxins were exceeded in the experiment, and
therefore any conclusions about increased bioavailability are clearly suspect. The EPA aso
believes that other factors could explain reports of apparent increasesin bioavailability. Verhaar
et a. (1999) and others have pointed out that in performing any experiment from which BCFs
will be derived, the organisms will introduce DOC—for example, from mucous layers, feces, and
urine—into the aqueous phase. Because the measurements made to determine BCF do not
typically measure ‘bioavailable’ chemical (i.e., the concentration of chemical that isfreely
dissolved) but rather the total concentration of chemical that isin the exposure water, addition of
DOC by the organisms during the experiment most certainly confounds the assumption that
DOC concentrations were actually low. It isentirely possible that the concentration of chemical
that was freely dissolved in experiments using laboratory waters was substantially different from
that in experiments using lake waters and |aboratory waters with added DOC. A recent report by
the authors of the 1998 review (i.e., Haitzer et a.) supports EPA’ s belief that the increased
bioavailability in the presence of low concentrations of DOC for BCF measurements is caused by
experimental artifacts. After very careful study of BCF measurements performed with low DOC
concentrations, Haitzer et al. (2001) concluded that “... BCF enhancements that have been
reported in the literature are more likely the result of random, experimental variations than the
result of systematic enhancement of bioconcentration.”

On the basis of the information presented above, EPA has assumed that the

bioavailability of nonionic organic chemicals to aquatic organismsis reduced in the presence of
DOC and POC. EPA acknowledges that there are afew reports of increased bioavailability in the
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scientific literature and believes that the causes of the increased bioavailability are, in al
likelihood, experimental artifacts of the BCF measurements.

4.2.3 Sorptive Behavior of Nonionic Organic Chemicals with DOC and POC (Including
Plankton) in the Water Column

In using the three-phase partitioning model to determine the concentration of chemical
that isfreely dissolved in the water column, EPA has assumed that the chemical freely dissolved
in the water column isin equilibrium with the chemical associated with DOC and POC. The basis
for this assumption is presented below.

In the development of the fluorescence quenching technique for measuring partitioning
between the freely dissolved chemical and DOC, investigators have studied the time required for
PAHSsto equilibrate with DOC. Gauther et a. (1986), McCarthy and Jimenez (1985a), and
Schlautman and Morgan (1993) have reported times ranging from less than 1 minute to
approximately 10 minutes for PAHs to equilibrate with DOC. These very short equilibration
times suggest that equilibrium conditions should exist between nonionic organic chemicals and
DOC in the environment.

K poc data are quite limited, however, and EPA is unaware of any research efforts studying
the kinetics of partitioning of nonionic organic chemicals between the POC and the freely
dissolved phases of water. Insights into the behavior and kinetics of partitioning with POC can be
gained by examining the experimental evidence on partitioning of nonionic organic chemicalsin
sediments/soils. Karickhoff et al. (1979) and Gschwend and Wu (1985) have shown that sorption
and desorption of nonionic organic chemicals to sediment and soil organic carbon are reversible.
In the 1980s, most investigators believed that time periods on the order of hoursto afew days
were required for chemical to equilibrate between the freely dissolved and organic carbon phases
(Tomson and Pignatello, 1999). More recently, it had been found that attainment of steady-
state/equilibrium conditions in these systems takes substantially longer periods of time (e.g.,
upwards of 100 days), and the time period is dependent on the concentration of suspended solids
in the system (Jepsen et al., 1995).

Numerous investigations have studied the kinetics of sorption and desorption of nonionic
organic chemicals to sediment and soil organic carbon, and these studies suggest the existence of
fast and slow sorption and desorption phases (Pignatello and Xing, 1996). The desorption process
can be characterized as having afast initia release of chemical followed by a slow, prolonged
release of the chemical. Numerous models have been devel oped to explain this behavior (Chen et
al., 1999). Many investigators have modeled the sorption process at the surface of the organic
carbon as a quick equilibrium process between the organic carbon surface and the chemical freely
dissolved in the water column (Schwarzenbach et al., 1993). Examples include the retarded
diffusion model of Lick and Rapaka (1996) and the radia diffusion model of Wu and Gschwend
(1986).

There isno clear consensus on a kinetic model for describing the partitioning of nonionic
organic chemicals between POC (or sediment/soil particles) and the freely dissolved phases (see
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Chen et al. [1999] for alisting of models). Such amodel would have to account for both fast and
slow sorption/desorption processes. Given the limited amounts of K, data, aswell askinetic
data for sorption/desorption processes with POC, the selection of an appropriate kinetic model is
clearly problematic. From an uncertainty standpoint, modeling nonequilibrium conditions using
equilibrium condition assumptions would cause the freely dissolved concentration of the
chemical to be too small, because the K, for kinetic conditions would be |ess than that for
equilibrium conditions.

In some situations, the concentration of chemical that is determined to be freely dissolved
using the three-phase model might be too large. As discussed by Gustafsson et al. (1997), PAHs
partition more strongly to soot (i.e., organic carbon derived from incompl ete combustion) than to
organic carbon in sediments, whereas other chemical classes, such as PCBs, do not appear to be
influenced by the soot phase. Unfortunately, the soot contents of natural waters are largely
unknown. In situations where significant amounts of soot exist, the three-phase model could be
modified to include afourth phase consisting of soot. Gustafsson et al. (1997) describe a
methodology for estimating the partition coefficients for soot.

By definition, POC is material retained by filtering or by centrifugation. Therefore, POC
includes plankton. Because EPA assumes that the chemical associated with POC isin equilibrium
with the chemical freely dissolved in water, chemical in plankton retained by the filter must bein
equilibrium with the chemical freely dissolved in water. Under certain conditions—for example,
algal blooms—the plankton is probably not in equilibrium with the chemical freely dissolved in
water. However, because EPA’ s basis for deriving AWQC involves long-term average, steady-
state, or near steady-state conditions, EPA believesthat it is reasonable to assume that chemicals
associated with plankton (in the POC) is on average in equilibrium with the chemicals freely
dissolved in water. It should be noted that larger plankton is not included in POC samples
because a prefiltering step is generally used to remove larger particulates before filtering or
centrifuging to separate POC; see, for example, Broman et a. (1991), who used a 100-um
prefilter to define the upper size cutoff for POC.

The EPA, in using the three-phase model for determining the concentration of chemical
that isfreely dissolved, assumes equilibrium exists between the chemical associated with the
POC and the chemical that isfreely dissolved. This assumption is based on the consideration that
POC in the environment is constantly exposed to the chemical of interest, and the sorption and
desorption processes for the chemical to and from the POC are dominated by fast-phase kinetics
specifically, the quick equilibrium process occurring at the surface of the organic carbon
(Schwarzenbach et al., 1993). Because of fast-phase kinetics, short-term fluctuations in ambient
concentrations are quickly accounted for in natural waters. Furthermore, AWQCs are developed
with the assumption that conditions in ambient waters are representative of long-term averages,
which are best captured using steady-state or near steady-state conditions. EPA believes that the
three-phase partitioning model provides a reasonabl e approximation of these types of conditions.

Errors associated with calculation of the freely dissolved concentration are somewhat

offset by using the three-phase partitioning model twice in EPA’s methodology for developing
national BAFs. First, abasdline BAF is calculated from a measured BAF: wherein the measured
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BAF} islipid- normalized and corrected for bioavailability considerations using the fraction of
chemical that isfreely dissolved. Second, a national BAF; is calculated using the average lipid
content for species consumed in the United States and the fraction of chemical that isfreely
dissolved in U.S. waters. EPA believesthat use of the freely dissolved concentration for
converting both to and from the intermediate baseline BAF value, that is, from measured BAF-to-
baseline BAF and again from baseline BAF-to-national BAF offsets the error associated with
calculating the freely dissolved concentration.

Given the above considerations, EPA has decided to use the three-phase partitioning
model with the assumption of equilibrium conditions for the calculation of the freely dissolved
concentrations for nonionic organic chemicals for the following reasons:

1 Available dataindicate complete, rapid partitioning to DOC;

2. Initial partitioning to POC is also rapid and near complete and although some
kinetic limitations on chemical partitioning with POC occur, these are not likely to
be important on the time scale applicable to human health water quality criteria;

3. No consensus exists on available kinetic models specific to POC; and

4. Use of the freely dissolved fraction twice in derivation of national BAFs offsets
model error.

4.2.4 Values for the Particulate and Dissolved Organic Carbon Partition Coefficients K,
and K,,.

In using the three-phase partitioning model for calculating the fraction of achemical’s
concentration that is freely dissolved in water (f;q), EPA will define K and Ky as follows:

Ko = Kow with 95% conference limits of afactor of 8 in either direction.
Kae = 0.08C K, with 95% confidence limits of afactor of 20 in either direction.
The basis for these relationships is presented below.

The separation of POC from DOC in water samplesis operationally defined by filtering or
centrifugation. With both techniques, the operational cutoffs between POC and DOC fractions
can differ depending upon membrane selection and hardware; for example, amembrane with a
0.45-um cutoff may be used in one study, whereas centrifugation that retains all particleswith a
sizeof 1.0 um or greater may be used in another study. Typically, the size cutoff between POC
and DOC fractionsis 0.1-1 um. DOC is principally composed of carbohydrates, carboxylic acids,
amino acids, hydrocarbons, hydrophilic acids, and humic and fulvic acids. POC is principally
composed of some larger humic acids, microbes, small plankton, plant litter, and ligneous matter
(Suffet et a., 1994; Thurman, 1985). The material retained by filtration or centrifugation isthe
POC fraction. Organic carbon and chemical-specific analyses are performed on the POC fraction
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to determine POC and C,, respectively. The DOC fraction is defined as the ambient water
remaining after filtration or centrifugation is performed. The DOC fraction contains both the
chemicals that are freely dissolved and the chemicals associated with the DOC. To determine the
concentration of chemical that isfreely dissolved in the DOC fraction, avariety of analytical
techniques are available, for example, fluorescence quenching, purging or sparging techniques,
solid phase microextraction (SPME), equilibrium dialysis, solubility enhancement, ultrafiltration,
reverse-phase separation, size exclusion chromatography, and liquid-liquid extraction. Some of
these techniques directly measure the concentration of chemical that is freely dissolved, whereas
others physically separate the DOC-bound chemical fraction from the freely dissolved chemical
fraction.

All of the methods for measuring freely dissolved chemical in water have limitations that
can lead to uncertaintiesin the K. and K. However, limitations associated with some methods
can lead to larger uncertainties than others. The methods that appear to have smaller biases are
sparging, fluorescence quenching, SPME, and possibly equilibrium dialysis. An excellent
discussion on the individual techniques (except SPME) and their limitationsis presented by
Suffet et al. (1994). The reader can refer to Poerschmann et al. (1997) or Ramos et a. (1998) for
further information on the SPM E method.

A review of the scientific literature reveals that K .. measurements are not as prevalent as
K @and K. measurements. K. is defined as the partition coefficient of the chemical
concentration on soils or sediments (on an organic carbon basis) to the chemical concentration in
water after the removal of the solid phase. K. is expressed as liters of water per kilogram of
organic carbon. K is defined as the partition coefficient of the chemical concentration on the
water column particles (on an organic carbon basis) to the chemical concentration freely
dissolved in the water. K, is expressed as liters of water per kilogram of organic carbon.
Measured K, values should not be assumed to be equal to K, because (1) the types of organic
carbon in the soils and sediments can be very different from those in the water column, and
(2) their denominators are different. Sediments and soils tend to be more weathered than water
column particulates, because the latter include organic matter derived from sources such as
recently deceased aswell as live plankton and algae and fecal matter from aquatic organisms.
However, in some cases, the organic matter composing the K. and K, might be very similar,
because sediment resuspension and erosional inputs could be responsible for amajority of the
particulatesin the water column. In al cases, the chemical concentrations in water used in
measuring K, and K are different. The determination of K, is based on the concentration of
chemical freely dissolved in the water (see Section 4.2.1 for derivation), whereas K. is
determined by using an operational definition of “dissolved” in water. This operational definition
includes both freely dissolved chemical and chemical sorbed to DOC in the aqueous phase.

Datafor K are limited for anumber of reasons. First, the measurement of K in field
situationsis often very difficult because of the extremely low concentrations of hydrophobic
pollutants in natural waters, often 1 ppt or less on atotal basis. With low concentrations, large
volumes of water must be processed in order to obtain enough of the chemical to measure. For
example, Broman et a. (1991) processed approximately 2,000 L of Baltic Seawater to obtain
measurable amounts of polychlorinated dioxins and furans on the particul ates retained by
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filtering and in the water passing through the filter. Second, the techniques developed for
measuring freely dissolved concentrations of chemical in natural waters are not amenable to field
sampling situations in which large volumes of water need to be processed. Third, in laboratory
studies, many investigators use sediment particles as a surrogate for naturally occurring water
column particulates, and it is somewhat tenuous to assume that sediment particles are equivalent
to water column particulates. Fourth, because of operational and analytical factors, K,.s and K4s
(KoS expressed on the basis of dry weight rather than organic carbon on the solids,

e, Ko = K¢/fo) are more often reported than K, values, because K.s and K 4s are much easier
to determine.

K e Measurements found in a search of the scientific literature are reported in Table 4-1
and plotted in Figure 4-1. These values were determined by using the reverse-phase, sparging,
and ultrafiltration method with samples primarily from Great L akes ecosystems. An equation of
the form log K. = a+ b C log K, was computed by using the geometric mean regression
technique (Ricker, 1973); thisequation is:

log Kpee =+ 1.19 (+2.18) + 0.81 (+0.11) Clog Ko,  df =14,r=0.84,s,, = 0.40

The geometric mean regression technigque was used because the X variable (log K,,) was
measured with error. The equation and its 95% confidence limits for any single predicted log K
are plotted in Figure 4-1. The slope of thisregression lineis not significantly different from 1.0 (**
= 0.05). Assuming aslope of 1.0 results in an equation of the form log K= log K,,+ B. This
equation, by rearrangement, resultsin B = log K— 109 Kq,= 109 (Kpoo/ Koy), @nd “B” can be
found by averaging the differences of the log K .. and log K,,for the individual chemicals or by
averaging the logarithms of theratio of the K.to K, for the individual chemicals. For this data
set, an average difference (standard deviation, number of data points) of 0.023 (0.426, 16) was
obtained. Transforming the average difference to an antilog scale results in predictive relationship
of K= 1.05C K, With 95% confidence limits of afactor of 8 [ 10sandrd daviation C1(" =56, df = 15)) —
1004%6¢ 21391 in either direction from the mean predicted K .

Based on the data presented above, EPA will use the following relationship for
determining K values for use in the three-phase partitioning model:

Kpe=1.0CK,,  with 95% confidence limits for a predicted K, of afactor of 8 in either
direction from the mean predicted K.
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